Trypanosome lytic factors (TLFs) are powerful, naturally occurring toxins in humans that provide sterile protection against infection by several African trypanosomes. These trypanocidal complexes predominantly enter the parasite by binding to the trypanosome haptoglobin/ hemoglobin receptor (HpHbR), trafficking to the lysosome, causing membrane damage and, ultimately, cell lysis. Despite TLF-mediated immunity, the parasites that cause human African Trypanosomiasis (HAT), Trypanosoma brucei rhodesiense and Trypanosoma brucei gambiense, have developed independent mechanisms of resistance to TLF killing. In this review we describe the parasite defenses that allow trypanosome infections of humans and discuss how targeting these apparent strengths of the parasite may reveal their Achilles' heel, leading to new approaches in the treatment of HAT.
Evolution of parasite resistance
The transmission of African trypanosomes by tsetse flies (Glossina spp.) provides these hemoflagellates with a broad sampling of mammalian environments. Within non-primates, these extracellular parasites nimbly escape the humoral and cellular immune responses by periodic changes to the composition of a major surface antigen, the variant surface glycoprotein (VSG) [1] . The process of antigenic variation is both necessary for parasite survival and is considered sufficient to sustain long-term infection. In antelope and other wild ungulates, infection is transferred from host to tsetse fly without noticeable sign of disease in either. In many domesticated animals, most notably cattle, infections lead to pathology and the chronic wasting disease Nagana. When these African trypanosomes are introduced into most primates, including humans, antigenic variation alone is insufficient to ensure infection. In the human blood, lymph, and tissue fluids, trypanosomes must also survive the onslaught of novel and extremely potent innate immune molecules called trypanosome lytic factors (TLFs). This defense mechanism in humans potentially evolved to provide protection against infection by the highly prevalent African trypanosomes, Trypanosoma brucei brucei, Trypanosoma congolense and Trypanosoma vivax, which infected the wild ungulate herds of the African savannah.
The human infectious African trypanosomes, Trypanosoma brucei rhodesiense and Trypanosoma brucei gambiense, are classified as subspecies of T. b. brucei. However, although T. b. brucei and T. b. rhodesiense are highly similar it is clear that T. b. gambiense is more distantly related and has been further subdivided into group 1 and group 2 based on their pathophysiological characteristics and genetic differences [2] . Group 1 T. b. gambiense parasites are more genetically homogeneous and invariably resistant to human serum, whereas group 2 parasites are genetically heterogeneous and have variable expression of the human serum resistance phenotype, often losing resistance in the absence of selection pressure [2] . As might be anticipated, these parasites have evolved diverse mechanisms to circumvent the activity of human TLFs. Just as humans have undergone alterations in response to parasite infection, trypanosomes have adjusted to the changing host environment, thus establishing a dynamic equilibrium driven by the cause and effect of infection. In response to the slow processes of host evolution, these parasites have developed defense mechanisms that include either neutralization or avoidance of TLFs. Indeed, the prolonged interactions between the human host and trypanosomes appear to have resulted in combinations of inhibition and avoidance mechanisms. In this review, we highlight the most recent developments in the elucidation of parasite resistance mechanisms against human TLFs. Furthermore, we explore attempts to shift the equilibrium patterns of resistance back in favor of the host by targeting trypanosome defense mechanisms that may render the parasite susceptible to TLFs.
Mechanisms of trypanosome killing by TLFs
An understanding of how African trypanosomes infect humans first requires a consideration of the cellular and molecular mechanisms leading to TLF killing. Transmission of African trypanosomes, by the bite of infected tsetse flies, results in a rapid and abrupt encounter of parasite with the host defenses. Two molecules with trypanocidal activity have been identified in human blood [3] [4] [5] . TLF-1 and TLF-2 are compositionally related, both containing apolipoprotein A-I (apoA-I), apoL-I, and Hpr [4, [6] [7] [8] . However, TLF-2 also contains significant amounts of IgM [4, 6] . Moreover, these toxins are physically distinct, differing both in size and lipid content. TLF-1 is a minor subclass of human high density lipoprotein (HDL) (40% lipid) of approximately 500 kDa, whereas TLF-2 is a lipid poor (<2%) protein complex of approximately 2 mDa [4] .
One of the earliest observations of T. b. brucei killing by TLF-1 and normal human serum (NHS) was made by Rifkin [9] . Initially, trypanosome morphology and motility were unaffected by addition of TLF-1; however, after 30 min, at 378C, many of the trypanosomes, although still highly motile, began to swell and eventually became non-motile and ghost-like in appearance. The morphological progress of NHS and TLF-1 killing is identical and has been reported by several groups [9] [10] [11] [12] [13] . A distinctly different sequence of morphological changes associated with NHS killing has also been described [14] [15] [16] . These investigators reported that human serum treatment resulted in the development of a large cytosolic vacuole that expanded over time, eventually leading to breakage of the trypanosome plasma membrane and death of the parasite [14] [15] [16] .
The initial interaction of T. b. brucei with TLF-1 is facilitated by high affinity binding to a haptoglobin hemoglobin receptor (TbHpHbR) located on the trypanosome surface within the flagellar pocket [17] [18] [19] . This receptor probably evolved to satisfy the trypanosome's need to scavenge heme by binding Hp/Hb complexes in the blood of infected mammals [18] . Haptoglobin is an acute phase protein produced by the liver of all mammals in response to injury and inflammation [20] . Haptoglobin binds Hb, released into the circulation by hemolysis, with high affinity leading to detoxification when the Hp/Hb complexes are bound by the CD163 macrophage scavenger receptor [21, 22] . In humans, the evolution of a second Hb binding protein, Hpr, explains the high affinity of TLF-1 for T. b. brucei [18, 22, 23] . With greater than 90% amino acid sequence identity to Hp [24] , Hpr/Hb facilitates TLF-1 binding to the TbHpHbR. Unlike the Hp/Hb in blood, TLF-1-associated Hpr/Hb is not cleared by the mammalian scavenger receptor and has been proposed to accumulate in the circulation of humans [21, 23] .
TLF-1 is rapidly taken up by trypanosomes following binding to the TbHpHbR, traffics via endosomes to the trypanosome lysosome, and is activated at acidic pH leading to lysosomal membrane destabilization and ultimately lysis of T. b. brucei [3, 18, 25, 26] . The interaction of TLF-1 with the lysosomal membrane is probably facilitated by apoL-I, which is an ion channel forming protein that integrates into anionic membranes at low pH [15, 27] . In vitro studies, with negatively charged liposomes, further support the role of apoL-1 in TLF-1 binding to lysosomal membranes [27] . Direct evidence for the role of apoL-1 in T. b. brucei killing has come from deletion and mutational analysis of recombinant apoL-1 [15, 28] . The direct role of Hpr in trypanosome killing is less clear. One study has shown that the unprocessed N-terminal signal peptide of Hpr, which is necessary for Hpr association with HDL, is selectively toxic to bloodstream-form African trypanosomes [29] . In addition, a role for Hpr/Hb mediated lipid peroxidation has been proposed based on accumulation of peroxidated lipids in TLF-1 treated T. b. brucei [8] . Although the direct involvement of Hpr-Hb as a toxin remains unresolved, its role as the ligand for receptormediated uptake of the TLF-1 particle is well established. Thus, TLF-1 killing requires the targeting of the molecule to the lysosome, and the interaction of the TLF-1 proteins with the anionic lysosomal membrane [15, 25, 27, 30] .
Much less is known about how TLF-2 kills T. b. brucei. Because both Hpr and apoL-I are present in this particle, it is possible that TLF-2 may function in a manner similar to TLF-1. However, previous studies suggest this may not be the case. It has been reported that TLF-2 killing was not inhibited by the addition of Hp, a potent competitive inhibitor of TLF-1 uptake, leading to the suggestion that TLF-2 has a different mode of internalization from TLF-1 [4, 8] . It has also been proposed that TLF-2 uptake may be linked to apoL-I interaction with the VSG coat of T. b. brucei or that TLF-2-associated IgM may bind T. b. brucei, because it is the only protein component that distinguishes both classes of TLF [31] . No results supporting either mechanism of TLF-2 binding to T. b. brucei have been reported. In addition, recent studies have revealed that TLF-2 killing of T. b. brucei is partly dependent on the TbHpHbR for uptake, further suggesting that there are commonalities between the uptake mechanisms of TLF-1 and TLF-2 [6] .
Mechanisms of trypanosome resistance to human serum To survive in human bloodstream, African trypanosomes have evolved two primary mechanisms of resistance against the trypanolytic serum complexes: (i) neutralization and (ii) avoidance. Although T. b. rhodesiense and group 2 T. b. gambiense appear to use a singular mechanism of resistance to TLF-1, group 1 T. b. gambiense seem to have more than one mode of resistance against TLF-1 killing. As mentioned above, little is known about how TLF-2 kills trypanosomes, so we will focus on the mechanisms of trypanosome resistance to TLF-1 because we can only speculate about mechanisms of resistance to TLF-2.
Mechanisms of resistance: neutralization T. b. rhodesiense is highly human infectious and causes rapidly developing pathology and death. Genomic analyses have shown that T. b. brucei and T. b. rhodesiense are virtually indistinguishable suggesting that T. b. rhodesiense only recently diverged from a 'brucei ancestor' [32] . Resistance to human innate immunity in T. b. rhodesiense is relatively unstable, being lost when cells are maintained in the absence of NHS or TLF-1 selection, suggesting that the resistance phenotype has come at a cost to the parasite [13, 33, 34] .
What is the molecular basis for human infectivity by T. b. rhodesiense? Nearly 25 years ago a comparative analysis of mRNA transcripts in human infectious and non-infectious lines of T. b. rhodesiense revealed that human infectious cells expressed a serum resistance associated (SRA) gene, whereas serum-sensitive forms did not [33] [34] [35] . Human serum-resistant T. b. rhodesiense lost SRA expression Review Trends in Parasitology December 2012, Vol. 28, No. 12 when grown in the absence of NHS and became sensitive to lysis. When NHS sensitive cells were re-exposed to NHS, a revertant population, which had regained SRA expression and NHS resistance, had emerged [34] . Identical results were obtained when purified TLF-1 was used in place of NHS [33] . Transfection of TLF-1 susceptible T. b. brucei with SRA showed that SRA expression was sufficient to confer resistance to TLF-1 and NHS killing [30, 34, 36] . To date, there have been no other proteins identified as mediators of TLF-1 resistance in T. b. rhodesiense. Thus, it appears that expression of a single protein, SRA, is sufficient to confer resistance to TLF-1.
What is SRA? SRA belongs to the VSG family of trypanosome proteins [37] . VSGs in African trypanosomes are encoded by hundreds of chromosome internal, silent genes and a limited number of genes at both transcriptionally active and silent telomeric 'expression sites' (ESs). Monoallelic expression of VSGs is accomplished by RNA polymerase I transcription of a single ES. SRA is an expression site associated gene (ESAG), which is cotranscribed, with the expressed VSG, from the active ES. Switching to a previously silent ES, lacking SRA, results in loss of SRA expression and increased susceptibility to NHS or TLF-1 [34] . Based on sequence analysis, SRA appears to be a truncated VSG containing a large internal deletion [38] . Post-translational modifications, including Nlinked glycosylation and glycophosphatidylinositol (GPI) anchoring, similar to those of the VSGs, as well as the transferrin receptor, another VSG family protein, have been predicted [38] . N-linked glycosylation has been verified [30] , and although highly likely, GPI anchoring of SRA remains unconfirmed. Protein modeling also suggested that the tertiary structure of SRA would be similar to VSGs and that it would also exist as a dimer [38] . Despite these predictions, the homodimerization of SRA has not been reported, nor has a binding partner been identified. The cellular localization of SRA was also shown to be very different from that of VSGs. Although VSGs and transferrin receptor localize to the cell surface and flagellar pocket, respectively [39] [40] [41] [42] [43] , localization studies of SRA revealed a predominately intracellularly localized protein [26, 30, 36] . Initially, SRA was identified as a resident lysosomal protein [30] . However, recent studies showed that SRA was largely non-lysosomal, confined to vesicular components of the endosomal network localized between the nucleus and the flagellar pocket of SRA transfectant cell lines [26, 36] .
How does SRA inhibit TLF-1 killing? Both resistant and susceptible T. b. rhodesiense cell lines endocytose TLF-1 [44] . However, in resistant T. b. rhodesiense the level of TLF-1 accumulation was reduced and the intracellular localization of TLF-1 appeared distinct from that seen in TLF-1 sensitive cell lines [36, 44] . Consistent with these results, recent studies confirmed that T. b. rhodesiense expresses a functional TbrHpHbR that allows for TLF-1 binding and endocytosis [18] . Therefore, T. b. rhodesiense resistance to TLF-1 is not a consequence of 'avoidance' of binding and uptake but rather involves the 'neutralization' of TLF-1 following internalization by these parasites.
It has long been assumed that SRA binding to TLF-1 was the underlying mechanism of inhibition. In vitro binding studies with recombinant SRA revealed a specific and high affinity binding to apoL-1 [30] . The interaction of SRA and apoL-1 is facilitated by a coiled coil, antiparallel interaction of a-helices at the C-terminal and N-terminal regions of apoL-I and SRA, respectively [30] . Deletion and mutational analyses of the C terminus of apoL-I have also revealed that the loss of this region or disruption of the ahelix ablates binding to SRA [15, 28] . Although mutation of the apoL-I C terminus does not inhibit trypanosome lysis, deletion of this region results in a loss of apoL-I lytic activity [28, 45] .
The cellular site of SRA binding to TLF-1 was determined by immunofluorescence microscopy analysis of SRAexpressing cells following incubation with TLF-1. In these studies, both SRA and TLF-1 were shown to exhibit a steady-state colocalization in early endosomes immediately following endocytosis of TLF-1 [26] . However, when TLF-1 trafficking was examined in the presence of lysosomal protease inhibitors both TLF-1 and SRA accumulated in the lysosome [26] . Based on these results it was suggested that SRA/TLF-1 complexes form in early endosomes and traffic to the lysosome where the SRA/TLF-1 complex is rapidly degraded [26] .
What is the mechanism of TLF-1 resistance in T. b. rhodesiense? One possible mechanism is that SRA/apoL-1 binding simply inhibits apoL-1 mediated insertion into the lysosomal membrane [30] . Blocking apoL-1 membrane insertion may prevent ion channel formation, lysosomal swelling, and cell lysis. An alternative model is based on the finding that, at acidic pH, all TLF-1 proteins bind to membranes [27] . If the interaction of TLF-1 with membranes were mediated by apoL-1 binding, then SRA binding to apoL-1 may block TLF-1 interactions with the lysosomal membrane thus leaving the particle vulnerable to accelerated degradation by lysosomal proteases. This model would explain how interactions of SRA with apoL-1 neutralize both apoL-1 and Hpr toxicity. Although some of the specific details of this model remain untested, it is proposed that SRA mediates human infectivity through the binding and neutralization of TLF-1 immediately following uptake in an early endosomal compartment. Once the binary SRA/TLF-1 complex forms, it traffics to the lysosome but is unable to bind lysosomal membranes thus leaving TLF-1 associated apolipoproteins susceptible to lysosomal degradation (Figure 1 ) [26] .
Collectively, the studies and proposed hypotheses of resistance from several laboratories point to an SRA-mediated mechanism of inhibition of TLF-1 that involves three key elements: (i) binding of TLF-1 via apoL-I/SRA interaction (Box 1), (ii) neutralization of TLF-1 by inhibition of membrane association, and (iii) clearance of the toxin by rapid lysosomal degradation. protect against NHS killing [46] . Moreover, in group 1 T. b. gambiense it is likely that decreased uptake of TLF-1 is a major factor in the resistance phenotype [47] .
Recent studies showed that TLF-1 uptake and delivery to the lysosome are similar in susceptible and resistant lines of group 2 T. b. gambiense [48] . In the latter, cells are also highly resistant to both NHS and recombinant apoL-I, which is internalized and lysosomally localized [48] . Therefore, group 2 T. b. gambiense resistance is not due to reduced HpHbR expression, and is more likely to be due to a mechanism analogous to SRA in T. b. rhodesiense. Further studies are needed identify this inhibitory molecule.
Mechanisms of resistance: avoidance
Because TLF-1 internalization is required for killing of T. b. brucei, lack of binding and uptake provides perhaps the simplest and most effective means by which the parasite is able to infect humans. The first evidence for a TLF-1 avoidance mechanism in trypanosomes came from in vitro growth selection studies with a TLF-1 sensitive line of T. b. brucei [49] . In these studies, T. b. brucei was grown in the presence of sublethal concentrations of TLF-1 that selected for TLF-1 resistant cells. Surviving cells were expanded and successively passaged in media containing increasing concentrations of TLF-1 until a highly resistant stable cell line was obtained [49] . Analysis of this cell line revealed a dramatic reduction in TLF-1 uptake suggesting that endocytosis of TLF-1 might be affected. The resistance phenotype was unstable because growth in the absence of selective pressure by TLF-1 results in emergence of cells that had reverted back to being susceptible to TLF-1 [21] . Resistance to TLF-1 was evaluated in several cell lines derived from the initial TLF-1 resistant clonal line and no correlation was seen in the VSG expressed or the active expression site [47] . However, all of the TLF-1 resistant T. b. brucei cell lines showed a reduction in expression of the TbHpHbR gene. TbHpHbR mRNA levels were reduced at least 20-fold in the TLF-1 resistant cells suggesting that [26] . (b) Schematic diagram depicting neutralization resistance mechanism. SRA binds TLF via apoL-I within the early endosomes. The SRA/TLF complex traffics to the lysosome where apoL-I insertion into the lysosomal membrane is prevented by SRA binding. Prevention of apoL-I insertion in turn prevents membrane association of all TLF proteins. Without membrane association, the particle is more susceptible to lysosomal proteolysis and accelerated degradation results in clearance of the toxin (black arrow indicates direction of vesicle trafficking).
Box 1. Targeting the trypanosome's Achilles' heel: therapeutics
African trypanosomes are highly successful parasites having evolved defense mechanisms for evasion of host adaptive and innate immunity. Trypanosome resistance to TLF-1 was a necessary adaptation to life in primates, further strengthening the parasites' protective armor and acting as a powerful virulence mechanism. Understanding the molecular basis for TLF-1 resistance, clearly a strength of these parasites, may uncover unexpected vulnerabilities as did the arrow that pierced the seemingly invincible Achilles' heel. TLF-1 is an ideal drug. It is a powerful innate killing factor, naturally occurring in all humans and providing sterilizing protection from infection by most African trypanosomes. It is completely nontoxic to mammals yet is devastating to trypanosomes. Several approaches are worth considering.
Targeting the apoL-I/SRA interface: engineering of apoL-1 The importance of apoL-1/SRA binding was demonstrated in an elegant series of studies with recombinant C-terminal deletion mutants of apoL-I in which binding to SRA was ablated [28, 52] . This mutated apoL-1 has been shown to be effective both in vitro and in vivo in lowering parasitemia of T. b. rhodesiense infection in mice either by transgenic gene expression or targeted nanobody-mediated delivery [28, 52, 53] .
Targeting the apoL-I/SRA interface: inhibitors of binding Small molecules or peptide mimics that bind the apoL-1 interaction domain of SRA may prevent inhibition of TLF-1 and allow lysosomal membrane attack [14, 53, 54] .
Modification of receptor/ligand interactions for TLF-1
The loss of HpHbR-mediated binding of TLF-1 contributes to the infectivity of group 1 T. b. gambiense. Studies using nanobodies and RNA aptamers have shown that trypanosome targeting and internalization can be specified in these reagents [55, 56] . Coupling surrogate ligands to TLF-1 would allow delivery to the lysosome in a receptor-independent manner.
Trypanosome resistant transgenic cattle
The economic impact of the veterinary disease, Nagana, is driving recent efforts to evaluate the feasibility of developing transgenic cows [14, 52, 54] . Although these strategies cannot be put into practice directly in humans, eradication of the parasite from a major animal reservoir would have a tremendous impact in reducing human disease. 12 downregulation of the TbHpHbR gene was selected for in these in vitro studies [47] . TLF-1 resistant cells were also analyzed for survival in NHS and TLF-2 and were found to be at least 100-fold more resistant than TbHpHbR-expressing isogenic cell lines, indicating that resistance to both TLF complexes is at least partly dependent on TbHpHbR expression [6] . Although increased resistance to NHS and TLF-2 resulting from TbHpHbR downregulation was noted, this resistance was considerably reduced in comparison to that observed with TLF-1 treatment [6] . Furthermore, at concentrations of TLF-1 comparable to that found in human serum (>10 mg/ml), loss of receptor expression was not sufficient to provide complete protection against cell lysis [6] . These studies, using TLF-1 resistant T. b. brucei, demonstrated for the first time an SRA-independent mechanism for resistance and although resistance was incomplete these studies suggested that the HpHbR expression levels might play a role TLF-1 resistance in group 1 T. b. gambiense.
Review
How does group 1 T. b. gambiense escape TLF-1 killing? Because group 1 T. b. gambiense lack SRA, an alternative mechanism of resistance is to avoid the toxin by decreased uptake. This is the mechanism selected for in vitro in the TLF-1 resistant T. b. brucei lines described above. Consistent with this possibility, group 1 T. b. gambiense, Eliane strain, does not take up TLF-1 [47] . The lack of TLF-1 uptake can be explained, at least to some extent, by the reduced levels of T. b. gambiense HpHb receptor (TbgHpHbR) expression. TbgHpHbR mRNA was reduced 5-to 50-fold relative to HpHbR mRNA levels in TLF-1 sensitive T. b. brucei [18, 47] . Furthermore, it appears that reduced expression of the TbgHpHbR is a general trait of T. b. gambiense because mRNA levels were reduced 10-to 20-fold in six geographically distinct T. b. gambiense isolates [47] . It is likely that reduced expression of TbgHpHbR was selected for during T. b. gambiense adaptation to primates. However, because human infectivity requires complete protection against TLF-1, other mechanisms, in addition [47] . Schematic diagram depicting TLF uptake in sensitive cells via Trypanosoma brucei brucei HpHbR (TbbHpHbR). TbbHpHbR is expressed in the flagellar pocket and binds Hb-bound TLF with high affinity, allowing TLF uptake. (b) Fluorescence microscopy showing lack of uptake of Alexa 488-conjugated TLF (green) [47] . Schematic diagram depicting lack of recognition resistance mechanism. TbgHbHpR is downregulated and has mutations which prevent TLF binding and endocytosis. In the fluorescent images, the lysosome is shown by lysotracker staining (red). The nucleus and kinetoplast are shown by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining (blue). Cells are depicted by phase contrast [47] .
Trends in Parasitology December 2012, Vol. 28, No. 12 to reduced expression of TbgHpHbR, may be necessary. Analysis of the sequence of the TbgHpHbR from several isolates of group 1 T. b. gambiense revealed the accumulation of mutations. Five conserved, nonsynonymous, point mutations are present in the TbgHpHbR when compared with T. b. brucei and T. b. rhodesiense HpHbR sequences (Figure 2 ) [47] . The overall conservation of these changes to the TbgHpHbR, in particular a single serine to leucine change at amino acid 210, suggests that mutations may have contributed to the development of T. b. gambiense resistance to TLF-1 [50] . Indeed, transfection of the TbgHpHbR gene variant into a HpHbR null background T. brucei strain demonstrated that the TbgHpHbR variant of the gene is not functional [44] . Therefore, it seems likely that both downregulation of expression and mutation led to a loss of a functional TLF-1 receptor in group 1 T. b. gambiense (Figure 3) .
Is the loss of HpHpR sufficient to confer human infectivity to group 1 T. b. gambiense? Receptor-mediated endocytosis plays an important role in the delivery of TLF-1 to the trypanosome lysosome ultimately leading to trypanosome killing. The high affinity of the trypanosome HpHbR for TLF-1 (3-5 nM K d ) suggests that this receptor is critical to TLF-1 killing [17] . However, trypanosomes that infect humans must escape a continuous onslaught of TLF-1 and any mechanism of resistance needs to provide either complete avoidance or inhibition of TLF-1 activity. It appears that SRA is able to do this providing complete protection against TLF-1 for T. b. rhodesiense. However, it is unlikely that loss of the HpHbR alone in T. b. gambiense is sufficient to provide protection against TLF-1 and human infectivity. Two alternative uptake mechanisms for TLF-1 have been described, either of which could deliver TLF-1 to the lysosome in group 1 T. b. gambiense. Although relatively inefficient, requiring high concentrations (1 mM K d ), African trypanosomes have an SRB-1-like HDL scavenger receptor that can facilitate TLF-1 uptake [51] . In addition, fluid phase endocytosis may also provide a mechanism for TLF-1 uptake in the absence of functional HpHbR. TLF-1 resistant T. b. brucei, expressing low levels of HpHbR, remained susceptible to TLF-1 but only at concentrations 1000-fold higher than HpHbR-expressing cells [6] . Thus, it is likely that group 1 T. b. gambiense avoids TLF-1 by loss of HpHbR function but also have evolved a non-SRA inhibitor that has yet to be discovered.
Concluding remarks
African trypanosomes are undoubtedly a model of adaptability and survival. These parasites have evolved to survive not only adaptive immunity and nonspecific innate immunity of complement but also the highly specialized trypanolytic factors in human bloodstream. Faced with a multicomponent toxin that seems to have been designed to ensure efficient uptake and targeting to specialized membranes, and armed with two potent trypanolytic proteins, the parasite has responded with the development of highly effective resistance mechanisms that enable avoidance and neutralization of the toxins lethal to trypanosome. Although there has been significant progress in elucidating these resistance mechanisms, several major questions remain unanswered (Box 2). Ongoing efforts to resolve these unknowns have led to several strategies for combating HAT and Nagana that are tailored to specific subspecies (Box 1). For T. b. rhodesiense, SRA/apoL-I binding is critical to trypanosome resistance to TLF-1, therefore the disruption of this interaction will be a key target for potential therapeutics. The two main approaches to disruption of the SRA/apoL-I interface address either the mutation of apoL-I or the use of small molecule/peptide inhibitors to binding (Box 1). Group 1 T. b. gambiense resistance through the loss of receptor-mediated uptake of trypanolytic factors provides another potential target for combating HAT. Through conjugation to targeting molecules or alternate ligands, TLFs may be delivered to the lysosome, and thus bring about trypanosome lysis independent of the HpHbR (Box 1). Finally, as wild game and domesticated cattle provide a substantial reservoir for African trypanosomes, the introduction of a population of resistant transgenic animals would lead to a decrease in the pool of infectious parasites and may lead to a decline in transmission and subsequently the spread of infection (Box 1). With continued breakthroughs in the field, a holistic understanding of the multiple mechanisms of TLF resistance should ultimately facilitate the development of a general therapeutic agent against both human and veterinary diseases.
